In the developing retina, the gene encoding the ␤3 subunit of the neuronal nicotinic receptor, a specific marker of retinal ganglion cells, is under the direct control of the atonal homolog 5 (ATH5) basic helix-loophelix (bHLH) transcription factor. Although quite short (143 bp in length), the ␤3 promoter has the remarkable capacity to discriminate between ATH5 and the other neuronal bHLH proteins expressed in the developing nervous system. We have identified three amino acids within the basic domain that confer specificity to the ATH5 protein. These residues do not mediate direct DNA binding but are required for interaction between ATH5 and chromatin-associated proteins during retina development. When misexpressed in neurons, the myogenic bHLH factor MyoD is also able to activate the ␤3 gene. This, however, is achieved not by binding of the protein to the promoter but by dimerization of MyoD with a partner, a process that depends not on the basic domain but on the HLH domain. By sequestering an E-box-binding protein, MyoD relieves the active repression that blocks the ␤3 promoter in most neurons. The mechanisms used by bHLH proteins to activate ␤3 thus highlight how ATH5 is selected by the ␤3 promoter and coordinates the derepression and transcriptional activation of the ␤3 gene during the specification of retinal ganglion cells.
The basic helix-loop-helix (bHLH) transcription factors have emerged as a major class of positive and negative regulators in the processes of neural cell fate specification and differentiation (1, 3, 36) . bHLH proteins share extensive homology within the basic and helix-loop-helix domains that mediate, respectively, binding to the DNA consensus E-box sequence CANNTG and dimerization (17, 25) . Structural and biochemical analyses show that tissue-specific bHLH proteins (class B) form functional, DNA-binding heterodimers with the ubiquitously expressed bHLH proteins (class A) (14, 19, 26) . Some HLH transcription factors lack the DNA binding "b" domain (Id proteins) and act as dominant-negative regulators by forming inactive heterodimers with bHLH proteins (2) . Id proteins are expressed in proliferating neural progenitors during neurogenesis, and their expression is maintained in some tissues late in development and into adulthood (reviewed in reference 35) .
Structure-function studies of bHLH proteins have revealed that important groups of residues are located in the basic domain, as exemplified by the conserved myogenic motif (4, 7), which can be transferred from a myogenic factor into the basic domain of a class A protein such as E12, thereby imparting myogenic potential on the hybrid (4, 8) . No such motif has been identified in the neuronal bHLH factors. Domain swapping experiments between Drosophila melanogaster atonal and achaete-scute proteins have shown that the basic domain of atonal is able to promote an atonal-specific neuronal cell fate (6) and that all differing residues are functionally important. A few studies have reported on the contributions of the HLH domain to the cell type determination process. In one such report, the HLH domain of achaete-scute was transferred into MyoD and did not affect the myogenic activity of the hybrid protein (7) . The first piece of evidence to show a contribution of the HLH domain came from the demonstration that an achaete-scute/atonal hybrid protein containing both the basic and the HLH domains of atonal is more effective in promoting an atonal-specific neuronal cell fate than a hybrid protein that only contains the atonal basic domain, even though the HLH domain of atonal alone is ineffective (6) . Recent studies on the atonal homolog 1 (ATH1) protein have demonstrated that the HLH domain specifies functional information in the developing neural tube (27) .
In the developing retina, several bHLH proteins are expressed in a distinctive spatiotemporal order, including neurogenin 2 (Ngn2) (34) , atonal homolog 5 (ATH5) (12, 22) , NeuroM and NeuroD (11, 18, 30) , and others (36) . Among those, ATH5 has by far the smallest expression domain and is involved in the specification and differentiation of retinal ganglion cells (RGCs). ATH5 is directly involved in its own regulation and is able to activate genes, such as the ␤3 subunit of the neuronal nicotinic receptor and Brn3c, which specify neuronal identity traits (16, 22, 33) . The relatively simple ␤3 promoter is sufficient to restrict reporter gene expression to RGCs (20) and is neither bound nor activated by neuronal bHLH transcription factors other than ATH5 present in the developing retina (31, 33) .
We decided to determine how the ␤3 promoter selects ATH5 from among the other members of the bHLH protein family. ␤3 is coexpressed with ATH5 and NeuroM in newborn RGCs (23) , and here we show that, whereas the ATH5 protein binds the ␤3 promoter in vivo, NeuroM does not. To unravel the mechanism of this selection, we recombined the functional domains of ATH5 into NeuroM and asked which exchange, if any, is sufficient to turn the hybrid protein into an activator of the ␤3 promoter. Replacing the basic domain of NeuroM with the corresponding domain of ATH5 turned the hybrid protein into a potent activator of the ␤3 promoter in retinal and telencephalic cells. Only three amino acids differ between the basic domains of NeuroM and ATH5, and we show that all three residues are required for full protein activity. These residues are not involved in DNA binding but mediate interactions between ATH5 and chromatin. Previously, we had shown that ectopic expression of the myogenic factor MyoD stimulates expression of the ␤3 gene in central neurons that never express it in physiological conditions (31) . One of the three amino acids conferring specificity on ATH5 is not conserved in the basic domain of MyoD, suggesting that MyoD activates ␤3 by a different mechanism. Analyzing how MyoD activates the ␤3 promoter reveals that a mechanism of active repression is operating in neural cells that do not express ␤3. Recombining domains of MyoD into NeuroM, we find that the HLH domain of MyoD turns the hybrid protein into a potent activator of the ␤3 promoter. The ability of the MyoD HLH domain to stimulate the promoter is independent of DNA binding but does require nuclear localization of the protein.
We propose a mechanism whereby MyoD, when misexpressed in neurons, dimerizes with a factor that normally represses ␤3 expression. A comparison of the strategies used by ATH5 and MyoD to activate the ␤3 promoter suggests that the spatiotemporal control of the ␤3 gene is affected by the interplay of positive and negative regulators. We suggest as a corollary that, in the developing nervous system, activation of a neuron-typespecific gene by a bHLH protein may have to be accompanied by sequestration or inactivation of a repressor.
MATERIALS AND METHODS
Cell cultures, transfection and chloramphenicol acetyltransferase (CAT) assays, hybrid protein constructions, and mutagenesis. Chicken embryos were staged according to the method of Hamburger and Hamilton (10) . Cells were prepared and transfected as previously described (20, 21) . The data were plotted as the means of the results from at least three independent experiments. All constructs (Table 1) were prepared using standard molecular biology techniques and checked by sequencing.
Electroporation of genetic material in the retina and mRNA quantification by real-time PCR. Retina electroporations were as described in reference 22. Briefly, embryonic eyes were collected at stage 22 to 23, and the pigmented epithelium was removed. Whole retinas were immersed at room temperature in about 100 l of phosphate-buffered saline containing a green fluorescent protein (GFP) reporter plasmid and expression vectors (0.5 g/l of each construct). Tissues were set between two electrodes (0.5 cm apart) and submitted to 5 50-V pulses of 50-to 70-ms duration spaced 1 s apart. The electroporated tissues were cultured as floating explants for 24 h at 37°C. Electroporation efficiency was monitored by GFP-positive cells, and tissues were collected in Trizol (Gibco) for RNA extraction. cDNA was synthesized from 1 g of RNA using random hexamer primers and Superscript II reverse transcriptase (Invitrogen). Real-time PCR using the iCycler iQ real-time PCR detection system (Bio-Rad) and a SYBR green-based kit for quantitative PCR (Bio-Rad) was performed to quantify the amounts of ␤3 mRNA. Amounts of mRNA were normalized to TBP levels. Primers used are listed in Table 2 .
Antibodies. A rabbit antibody against chicken NeuroM (no. Y09597) was raised against the bacterially expressed His-tagged domain of the protein (amino acids 176 to 298). Anti-TATA-binding protein (TBP) antibody (3G3) was kindly provided by Làszlò Tora (IGBMC, Inserm, Strasbourg). Anti-mouse fluorescein isothiocyanate-conjugated antibody and anti-FLAG antibody were purchased from Sigma (no. F5897 and M2, respectively).
ChIP. Chromatin immunoprecipitation (ChIP) from whole neuroretinas and optic tecta was performed as previously described (33) . Embryonic day 9 (E9) telencephalons were dissociated into single cells. Cells (20 ϫ 10 6 ) were resuspended in 1 ml of culture medium (Dulbecco's modified Eagle medium, 10% fetal bovine serum) containing a cytomegalovirus promoter-GFP reporter plasmid and expression vectors (0.1 g/l and 0.2 g/l, respectively). Electroporation consisted of 5 700-V/cm pulses of 20-ms duration spaced 10 s apart. Elec- . About 25% of electroporated cells were GFP positive. Cells were collected and processed for the ChIP assay as previously described (33) . The data were plotted as means of the results from at least two independent ChIP assays and three independent real-time PCR amplifications. The immunoprecipitation efficiency was calculated as the ratio of precipitated sequence over total sequence amount in input chromatin.
Immunostaining. Cells were fixed in 100% methanol for 4 min at Ϫ20°C. After 15 min of blocking with phosphate-buffered saline containing 0.5% bovine serum albumin and 0.1% Tween 20, cells were incubated with anti-FLAG (1:1,000 dilution) antibody for 1 h at room temperature and revealed with fluorescein isothiocyanate-conjugated anti-mouse antibody (1:1,000 dilution).
Western blotting. Proteins were analyzed by immunoblotting according to standard protocols. The membranes were immunostained with an anti-FLAG antibody (1:2,500) and anti-TBP antibody (1:2,000).
EMSA. Protein extractions and electromobility shift assays (EMSAs) were performed essentially as previously described (31) . Bacterially expressed glutathione S-transferase (GST) fusion proteins were purified using glutathione beads according to the manufacturer's instructions (Amersham). Promoter DNA fragments (143 bp in length) were end labeled by Klenow filling in the presence of [␣-32 P]dATP. Usually, 0.5 g of purified GST fusion protein and 3 g of total protein extract were used.
Structure modeling. The structure of the bHLH domain of NeuroM was modeled using the Swiss-Model program (28) . The crystal structure of the bHLH domain of MyoD (17) was used as a template. The sequence identity between the corresponding subsequences of NeuroM (residues 88 to 143) and MyoD (residues 110 to 164) is 40%.
RESULTS
The basic domain determines the selectivity of ATH5 for the ␤3 promoter. ATH5 is the only neuronal bHLH protein able to activate transcription of the ␤3 gene (22, 31) , and ChIP results demonstrate its in vivo binding to the ␤3 promoter in the early retina (33) . Although it is coexpressed with ␤3 in newborn RGCs, NeuroM is unable to activate the ␤3 gene (23, 31) , and we wondered if that reflected an inability to bind the promoter during retina development. To address this question, we performed ChIP experiments using an antibody directed against NeuroM and chromatin prepared from E3 to E12 retinas and optic tectum. We did not detect enrichment of the ␤3 promoter sequences in the NeuroM immunoprecipitates at any stage of retina or optic tectum development (Fig. 1 ). In contrast, NeuroM specifically binds the ATH5 promoter in the developing retina, in agreement with its role as an activator of ATH5 in newborn RGCs (22; J. Hernandez and M. Ballivet, unpublished).
To unravel the mechanism that confers specificity toward the ␤3 promoter on ATH5, we generated constructs mixing the functional domains of ATH5 and NeuroM. The constructs were transfected along with the ␤3 promoter (20) fused to the CAT reporter gene into acutely isolated cells from an E3 retina or E9 telencephalon, where ectopic expression of ATH5 is known to activate the ␤3 promoter (22, 31) . Whereas NeuroM is unable to transactivate the ␤3 promoter, the exchange of its basic domain for that of ATH5 is sufficient to turn the protein into a potent activator of the ␤3 promoter in both tissues ( Fig. 2A) . A hybrid protein containing both the basic and HLH domain of ATH5 has a significantly weaker activity in telencephalic cells, suggesting that the hybrid basic-ATH5/NeuroM and wild-type ATH5 dimerize with distinct partners to regulate the ␤3 promoter. To test whether the different hybrid proteins were synthesized at similar levels in transfected cells, we monitored the activity of the ␣1 promoter (31), which responds to both ATH5 and NeuroM, and found that it responded similarly to various hybrids (data not shown). The capacity of a hybrid protein containing the basic domain of ATH5 to activate the endogenous ␤3 gene was independently demonstrated by electroporating a basic-ATH5/NeuroM expression vector into retinas at stage 22 to 23. This led, like ATH5, to a robust accumulation of endogenous ␤3 transcripts, whereas NeuroM was ineffective (Fig. 2B ). We wondered if the ability of the basic-ATH5/NeuroM protein to activate ␤3 reflects an ability to bind the promoter. To address this question, E9 dissociated telencephalic cells were electroporated with an expression vector encoding the flagged version of the basic-ATH5/NeuroM or NeuroM proteins. Cells were cultured for 24 h and then we performed ChIP experiments using an antibody directed against the FLAG tag. We detected enrichment of the ␤3 and ATH5 promoter sequences in the basic-ATH5/NeuroM immunoprecipitates (Fig. 2C) . In contrast, we found that, whereas NeuroM specifically binds the ATH5 promoter in telencephalic cells, a property consistent with NeuroM's capacity to activate ATH5 expression (22; L. Matter-Sadzinski, unpublished), it does not bind the ␤3 promoter (Fig. 2C) .
The amino acids conferring specificity to the ATH5 basic domain are not involved in DNA binding. There are only three amino acid differences in the basic domains of ATH5 and NeuroM. To determine how they affect activity, we introduced each of these in the basic domain of NeuroM and tested the mutants in E9 telencephalic cells (Fig. 2D) . We observed that the contributions of the three residues are additive, suggesting that they all contribute to the specificity of the ATH5 basic domain. To check if these residues influence binding to the ␤3 promoter, we performed EMSAs using bacterially expressed, purified GST fusions of ATH5, NeuroM, and basic domain mutants of NeuroM. Even though the hybrid proteins bearing mutations in the basic domain transactivate the ␤3 promoter poorly (Fig. 2D) , they all efficiently bind the promoter sequence in vitro (Fig. 3A) . Modeling the secondary structure of the ATH5 basic domain on the structure of MyoD suggests (Fig. 3B) . The residues in the basic region known to be required for the binding of bHLH proteins to E-box DNA are shared by NeuroM and ATH5, yet ATH5 interacts with the ␤3 promoter in vivo, whereas NeuroM does not (Fig. 1) . Thus, the specificity of ATH5 for the ␤3 promoter may depend on context-dependent protein-protein interactions between its basic domain and unidentified partners. The HLH domain of MyoD is sufficient for activation. Previous experiments had shown that the ␤3 promoter is silent in the telencephalon, where it can be transactivated by ectopic MyoD but not by NeuroM (31) . There are three amino acid differences between the basic domains of ATH5 and MyoD, one of which contributes to the specificity of ATH5 on the ␤3 promoter (Table 1 ; Fig. 2D ), suggesting that MyoD might use a different strategy than ATH5 to activate ␤3. To dissect the minimal domain of MyoD required for activation of the ␤3 promoter, we generated constructs coding for protein hybrids mixing the N-terminal, C-terminal, and bHLH domains of MyoD and NeuroM (Fig. 4A) . The constructs were transfected into acutely isolated cells from E9 chick telencephalon along with the ␤3 promoter fused to the CAT reporter gene. We found that all hybrid proteins containing the MyoD HLH domain were able to activate the promoter (Fig. 4A) . A protein that was NeuroM except for the HLH domain was active and, conversely, a protein that was MyoD except for the HLH domain was inactive, demonstrating that the HLH motif of MyoD is indispensable in this assay. The rest of the protein, including the basic domain, may come indifferently from MyoD or NeuroM. To ensure that the differences in activities between the hybrids were not due to variations in their expression levels, FLAG-tagged proteins were used for transfections and extracts were analyzed by CAT assay and by Western blotting with anti-FLAG antibody. Similar levels of expression were detected for all hybrids (Fig. 4B) , and importantly, the tags did not affect the activity of the proteins.
Within the HLH domain, the loop region is the most variable in length and amino acid composition among different bHLH proteins. According to the crystallographic data, some of the loop residues make contacts with the DNA backbone, (Fig. 4C) . Such a K for R change has been seen to influence DNA binding in another bHLH protein, deadpan (37) . We have altered those residues (R to A, R to K, K to R), and we find that none of the mutations has any significant effect on the activation properties of the proteins (Fig. 4C) . Mutations in the basic domain of MyoD do not affect activity. A requirement for the HLH domain of MyoD suggests a mechanism involving dimerization with a specific partner. However, we also wanted to know if the basic domain had to bind E-box DNA for the hybrid to be active. Using the available crystallographic and functional data for MyoD and other bHLH proteins (4, 5, 9, 17, 24, 32) , we mutated the basic domain residues most likely involved in DNA binding (Fig. 5) . Surprisingly, mutation of the RER motif, which is believed to interact directly with E-box DNA, did not affect the activity of the protein. In contrast, mutation of the RR motif, also mapped as important for interaction with DNA, abolished activity. We noticed, however, that the RR motif in NeuroM is part of a putative bipartite nuclear localization signal (NLS) that overlaps the basic domain (Fig. 5A) . We introduced additional mutations in the motif and observed that all mutations affecting the putative NLS abolished activity (Fig. 5B) . This raised the possibility that the NLS is indeed functional and that nuclear localization is essential for protein activity. To test this notion, we transfected the FLAG-tagged versions of the proteins and visualized their localization by immunofluorescence. We observed that all mutations in the NLS, including those in the RR motif, affected the subcellular localization of the proteins. The intact hybrid protein was found almost exclusively in the nucleus, while proteins bearing mutated versions of the NLS were excluded from nuclei. Most importantly, proteins that entered the nucleus activated the ␤3 promoter, even if they contained mutations affecting the residues directly involved in DNA binding (RER motif) (Fig. 5B ). The correlation between nuclear localization and promoter activity was not always perfect (e.g., compare HLH-MyoD 2A with HLHMyoD 4A) (Fig. 5B) , perhaps reflecting an inaccurate discrimination between nuclear and cytoplasmic labeling in a fraction of counted cells. These findings suggested that DNA binding is not necessary for these hybrids to be active. To test this, we checked whether E-box DNA binding is affected in hybrid proteins bearing mu- tations in the basic region. EMSAs were performed using purified, bacterially expressed GST fusion proteins mixed with the radioactively end-labeled 143-bp ␤3 promoter (Fig. 6A) . We observed that hybrid proteins harboring an intact basic domain could interact with the promoter, whereas the protein bearing mutations within the RER motif was unable to bind. Thus, DNA binding is not necessary for activation of the ␤3 promoter by the HLH-MyoD hybrid.
Next, we asked if transfection by Id1, a protein naturally lacking a basic domain, would lead to the activation of the ␤3 promoter. As shown in Fig. 6B , the Id1 protein is not able to activate the ␤3 promoter, suggesting that the interaction mediated by the MyoD HLH domain is specific.
A factor bound to the E-box prevents other proteins from binding to the ␤3 promoter. We hypothesize that dimerization of the HLH-MyoD proteins with a specific partner leads to activation of the ␤3 promoter, which is normally silent in the telencephalon. We envisage a mechanism involving the sequestration of a repressor of the ␤3 promoter. To detect the repressor, we tested whether protein extracts from various stages of telencephalon development were able to bind the E-box in the ␤3 promoter. Competition by unlabeled wild-type and mutant E-box DNA allowed us to detect the E-box-specific complex (Fig. 7A) .
EMSA using protein extracts derived from telencephalon at different stages of development (Fig. 7B) showed that the pattern of bands does not change during development, even though the relative intensity of the signals varies with time. When the same experiment was performed with a DNA probe bearing a mutant E-box, the disappearance of the E-box-specific band was accompanied by a strong enhancement of the bands corresponding to the other complexes. In contrast, a mutation in the CAAT box had no such effect (Fig. 7B) . These findings are indicative of an as yet unidentified E-box binding activity whose absence allows for a more pronounced promoter occupation, in agreement with the repressor model.
In telencephalon cotransfections, the CAAT box mutant had full activity, whereas a mutant E-box was completely silent (Fig. 7C) . This result is in sharp contrast to what is seen when transfecting retina, where both CAAT and E-box mutants lose all activity (31) , demonstrating that the ␤3 promoter is activated by different means in the two tissues.
DISCUSSION
The mechanism by which neuronal bHLH transcription factors select their targets in the developing nervous system has remained elusive. Our study highlights how the interplay between activators and repressors determines the activity of a neuron-specific promoter during development. That ␤3 is expressed only in RGCs reflects the high selectivity of the ␤3 promoter for the bHLH protein ATH5 and also appears to result from a mechanism of active repression operating on the promoter in most other neuronal cell types. We describe a mechanism enabling the ␤3 promoter to discriminate between ATH5 and other neuronal bHLH proteins expressed in the developing nervous system and provide evidence suggesting that ATH5 coordinates the derepression and the activation of the ␤3 promoter, a property that involves three amino acids of its basic domain.
Three amino acids confer stringent specificity to ATH5. Because of its relatively simple organization, the ␤3 promoter is a convenient model system in which to elucidate how stringent neuronal type specificity is achieved in the nervous system. A single E-box of sequence CAGCTG mediates the neuronal specificity of the ␤3 promoter. In the ATH5 promoter, ATH5 interacts with an E-box of sequence CAGATG and mutating the two central bases to GC abolishes promoter activity, yet overexpression of ATH5 compensates for the loss of activity due to the mutation (J. Hernandez and M. Ballivet, unpublished). That E-boxes with different identities mediate the effect of ATH5 on the ␤3 and ATH5 promoters suggests that sequences in the vicinity of these elements play a crucial role for the recruitment of ATH5 and its partners. Moreover, the ␤3 promoter and, in particular, the sequences flanking its E-box are conserved in species as distant as chickens and humans (Fig. 8B) , suggesting that the ATH5 protein is cooperating with other, conserved transcription factors to regulate the ␤3 gene. We constructed hybrid proteins to identify the protein domains conferring specificity upon ATH5. NeuroM was selected for this analysis because, even though it is coex- pressed with ␤3 in newborn retinal ganglion cells, it is not involved in the regulation of ␤3 (23, 31) . Congruent with these results, we show here that NeuroM does not bind the ␤3 promoter in the developing retina (Fig. 1) . The hybrid proteins were tested both in the retina at the stage when the ATH5 protein is a strong activator of the ␤3 promoter and in the telencephalon, a tissue in which ␤3 is not expressed (Fig. 2A) . We found that exchanging the basic domain of NeuroM with the corresponding domain of ATH5 was sufficient to convert the hybrid protein into a potent activator of the ␤3 promoter in both tissues, indicating that the basic domain of ATH5 is sufficient to confer specificity upon the hybrid protein.
In agreement with this idea, overexpression of the hybrid protein in the early retina leads to a robust accumulation of ␤3 mRNA (Fig. 2B) . Only three amino acids differ between the basic domains of ATH5 and NeuroM, and mutagenesis demonstrates that all three are required to impart the full properties of the ATH5 basic domain (Fig. 2D ). Molecular modeling (Fig. 3B) indicates that the side chains of these amino acids are oriented outward, and EMSA confirms that they do not affect DNA binding (Fig. 3A) . The absence of NeuroM on the ␤3 promoter in vivo suggests, however, that these amino acids are probably required for ATH5 to interact with chromatin-associated proteins on the ␤3 promoter. Experiments have shown that it is not the basic region but the HLH domain that specifies the necessary information for the functions of ATH1 in neurogenesis (27) . Thus, although ATH1 and ATH5 are highly related members of the atonal group, they may use different strategies to effect their functions. Congruent with our findings, the atonal and neurogenin proteins select neural progenitors by distinct mechanisms determined by three amino acids of their basic domains (29) , two of which occupy the same positions as those shown here to confer differential activity on ATH5 and NeuroM. FIG. 7 . Proteins isolated from telencephalon specifically bind the E-box in the ␤3 promoter. (A) Proteins isolated from the telencephalon at E8 bind the wild-type ␤3 promoter fragment encompassing the E-box and CAAT box. Competition with increasing amounts of unlabeled wild-type (lanes 3 to 6) and mutated E-box (lanes 7 to 10) probes reveals a complex that is specifically bound to the E-box. Lane 1, no proteins; lane 2, no competitor. wt, wild type; comp., competitor; mut., mutant. (B) Proteins isolated from the telencephalon at E6 to E15 bind both the wild type and the mutated ␤3 promoter fragment. When the E-box is mutated (lanes 6 to 10) the probe is not bound by the E-box-specific complex, but the assembly of other complexes is strongly enhanced. When the CAAT box is mutated (lanes 11 to 15), binding is much decreased except for the E-box-specific complex. (C) Telencephalic cells at E9 were cotransfected with a mutated or wild-type ␤3 promoter-CAT reporter plasmid and an expression vector encoding the HLH-MyoD/NeuroM hybrid protein. Data are normalized relative to the activity of the hybrid protein upon the wild-type ␤3 promoter. The protein does activate the promoter in the absence of a CAAT box but not in the absence of the E-box. ϩ, present; Ϫ, absent.
MyoD regulates the ␤3 promoter by a mechanism independent of DNA binding. ATH5 and MyoD are the only two bHLH proteins found to activate ␤3 expression in neural cells. Even though two of three amino acids conferring specificity on ATH5 occupy the same position in the basic domain of MyoD (Table 1) , we have excluded a direct activation of the ␤3 promoter by the basic domain of MyoD (Fig. 4A) . This reinforces the notion that all three amino acids found in the basic domain of ATH5 are required for the direct activation of the ␤3 promoter. It also reinforced the idea that specific interactions between the basic domain and chromatin-associated proteins are required for activation of ␤3 transcription. Moreover, a comparison of the functional properties of MyoD and ATH5 has unexpectedly revealed that the capacity of a bHLH protein to activate a neural gene might result not only from interactions with a promoter but also from an ability to sequester agents that would otherwise prevent expression of the gene. To dissect the mechanism of MyoD-mediated activation in neurons, we have prepared hybrid proteins containing domains of MyoD and NeuroM in different combinations. We demonstrate that exchange of the HLH domain of NeuroM with the corresponding domain of MyoD is sufficient to convert the hybrid protein into a potent activator of the ␤3 promoter (Fig. 4A) . A hybrid additionally containing the basic domain of MyoD has higher activity in our assay, but the basic domain alone is unable to convert the hybrid into an active protein.
Residues known to be crucial for E-box binding by bHLH proteins have been identified (5, 9, 17, 32) , and mutation of the very well conserved RER motif renders the basic domain incapable of DNA binding (4, 7, 24) . Surprisingly, we found that mutation of this motif in the HLH-MyoD hybrid did not alter activity (Fig. 5B) , although it did abolish DNA binding (Fig.  6A) . The well-conserved RR motif is also known to influence DNA binding of bHLH protein. When this motif was mutated, the hybrid protein lost its capacity to transactivate the ␤3 promoter (Fig. 5B) , although its ability to bind DNA in vitro was maintained (Fig. 6A) . We noticed, however, that the RR motif in NeuroM is part of a bipartite NLS that overlaps the basic domain (Fig. 5A ) and that mutation in any part of this signal profoundly affects the nuclear localization of the hybrid proteins (Fig. 5B) . Taken together, our results show that activation of the ␤3 promoter by the HLH-MyoD hybrid requires nuclear localization but not DNA binding. Id proteins do not contain a basic domain and dimerize with E proteins (class A), thus sequestering them and preventing them from forming functional heterodimers with tissue-specific bHLH proteins (2) . Given the higher affinity of Id for E proteins than for tissue-specific factors (13), overexpression of E proteins might perhaps be sufficient to circumvent the inhibitory effect of Id. Overexpression of E12 in neural cells does not lead, however, to the activation of the ␤3 promoter (31), indicating that Id proteins do not dimerize with the putative proteins that inhibit the ␤3 promoter (Fig. 6B) . Our experiments suggest an activation mechanism that involves dimerization of the HLHMyoD hybrid with a specific nuclear protein. Such a dimerization might lead to the sequestration of a repressor protein acting either through DNA binding or through protein-protein interaction with the activator (Fig. 8A) . To distinguish between those two possibilities, we looked for E-box binding activity in neural tissues that do not express ␤3. EMSAs with nuclear extracts from telencephalon and optic tectum revealed numerous interactions between protein complexes and the ␤3 promoter ( Fig. 7A and B and data not shown) . When the E-box is mutated, changes in the EMSA pattern suggest that the protein complex associated with the E-box disappears, whereas binding with sequences located in the vicinity of the mutated E-box is enhanced (Fig. 7B) , as if complexes bound to the E-box did diminish the binding of other proteins to the remainder of the promoter. Finally, we have shown that the E-box is needed for activation of the ␤3 promoter when the HLH-MyoD protein relieves active repression, whereas the CAAT box is dispensable.
ATH5 coordinates derepression with the activation of ␤3. Active gene repression has been well documented in other parts of the nervous system, such as the spinal cord. During the (15) . We propose that in tissues where the ␤3 gene is not expressed, active repression is imposed on the promoter as a result of competition between putative activators and excess repressors (Fig. 8A) . The overexpressed HLH-MyoD protein would displace the equilibrium by dimerization with the repressor protein, thus enabling putative activators to bind the promoter. This model suggests that strict specificity of the promoter is achieved not only by the presence of the appropriate activator but also by the balance between repressors and activators. In the early retina, ATH5 is expressed at a low rate in about one-third of retinal cells, yet ␤3 is not expressed in these cells. Whereas ATH5 already interacts with its own promoter, it
does not yet bind the ␤3 promoter in this subpopulation of progenitors (33) . Overexpression of ATH5 at early stages of development leads to the precocious activation of the ␤3 gene. That ATH5 should reach a threshold level suggests that it has to sequester an inhibitor before it can bind the promoter and stimulate transcription. Congruent with this idea, the in vivo binding of ATH5 to the ␤3 promoter correlates very well with the short period of development when ATH5 is upregulated and able to stimulate ␤3 transcription (33) . ATH5 may overcome a repression and activate transcription through its basic domain (Fig. 8A) . We suppose that this domain interacts with specific cofactors that mediate chromatin binding and ␤3 activation. Moreover, the requirement for a CAAT box properly spaced from the E-box (31) suggests that the activation complex includes factors interacting with the CAAT box. The role of the complex appears to be both to displace a repressor and to trigger transcription. In contrast, the sequestration of a repressor by MyoD may lead to activation of ␤3 by a different pathway. This view is supported by our data showing that factors interacting with the CAAT box appear not to be required when ␤3 is activated by MyoD (Fig. 7C) .
In sum, we highlight a mechanism by which the ␤3 promoter selects ATH5 among the other neuronal bHLH proteins expressed in the developing retina. This selection is mediated by highly specific interactions between the basic domain of ATH5 and the ␤3 promoter during the narrow time window when ATH5 is upregulated and the majority of retinal ganglion cells are specified. The requirement for coordinated basic domainmediated binding of ATH5 to DNA and to chromatin-associated proteins is likely to be prototypic of bHLH target selection in development.
